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aging	 reproductive	 structures	 and/or	 repelling	 pollinators.	 Natural	 selection	
should	 favour	 the	evolution	of	plant	 traits	 that	deter	ants	 from	visiting	 flowers	


















under	 field	conditions,	showing	ecological	and	plant	 fitness	benefits	of	 the	dis-
tracting	function	of	extrafloral	nectar	during	anthesis.
4.	 Synthesis.	 Our	 study	 provides	 the	 first	 field	 experimental	 support	 for	 the	
Distraction	 Hypothesis,	 suggesting	 that	 extrafloral	 nectaries	 located	 close	 to	
flowers	may	bribe	ants	away	from	reproductive	structures	during	the	crucial	pol-
lination	period,	 reducing	 the	probability	of	 ant	occupation	of	 flowers,	 reducing	
ant-pollinator	conflict	and	increasing	plant	reproductive	success.
K E Y W O R D S
ant-pollinator	conflict,	Distraction	Hypothesis,	extrafloral	nectaries,	fitness,	myrmecophile,	
Turnera velutina
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1  | INTRODUC TION
Ant-plants	 recruit	 ants	 by	 providing	 nesting	 sites	 and/food	 re-












Most	 ant-plants	 are	 angiosperms	 (Keeler,	 2014),	 and	many	 re-
quire	the	services	of	animal	pollen	vectors	for	seed	set	(Ballantyne	











that	 do	 not	 reproduce	 grow	 faster	 and	 develop	 larger	 resource-



















Of	all	 the	wingless	 insects	 it	 is	the	widely	dispersed	
ants	that	are	most	unwelcome	guests	to	flowers.	And	
yet are they the very ones which have the greatest 
longing	 for	 the	 nectar,	 as	 numberless	 observations	
sufficiently	show.	(Kerner,	1878,	p.	21)
While	ants	may	be	unbidden	floral	visitors,	they	are	also	effec-
tive	 bodyguards	 (Bentley,	 1977a;	 Chamberlain	 &	 Holland,	 2009;	
Rosumek	et	al.,	2009;	Trager	et	al.,	2010),	which	may	represent	an	
ecological	trade-off	for	ant-plants.	Given	that	ant	guards	can	have	
both	 costs	 and	 benefits	 for	 different	 aspects	 of	 plant	 fitness,	we	
expect	natural	 selection	 to	act	on	ant-plant	 traits	 to	minimise	 the	
negative	impacts	of	ants	relative	to	the	protection	they	provide,	ame-
liorating	 the	 negative	 consequences	 of	 ant-pollinator	 antagonism	
for	plant	 fitness	 (Raine	et	al.,	2002).	A	wide	 range	of	mechanisms	
have	been	 interpreted	as	 achieving	 this	by	 reducing	ant	visitation	




























Any	 insects	 that	 creep	along	 the	 stem	must,	 if	 they	
would	 get	 at	 the	 flower,	 of	 necessity	 pass	 over	 this	
disk	 with	 its	 drop	 of	 nectar;	 thus	 what	 they	 would	
have	found,	in	the	flower,	is	already	offered	to	them	
here	in	rich	abundance.	The	creeping	insects	are	not	
fastidious.	 They	 are	 content	with	 that	which	 is	 first	
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as	 the	 Distraction	 Hypothesis	 (Chamberlain	 &	 Holland,	 2008;	
Holland,	Scott,	&	Tom,	2011;	Wagner	&	Kay,	2002).	In	many	ant-







leaves	 associated	with	 flowers	 of	 the	Mexican	 ant-plant	Turnera 
velutina	 (Passifloraceae)	 secrete	 more	 nectar	 with	 higher	 sugar	
content	 than	 extrafloral	 nectaries	 on	 leaves	 bearing	 buds	 and	
fruits	 (Villamil,	 2017).	 This	 increase	 in	 EFN	 secretion	 during	 an-
thesis	is	compatible	with	the	Distraction	Hypothesis,	in	that	EFN	
secretion	near	flowers	could	lure	and	bribe	ants	that	might	other-
wise	enter	 flowers	seeking	 floral	nectar.	However,	 the	same	flo-
ral	behaviour	and	the	frequent	proximity	of	extrafloral	nectaries	
to	 reproductive	structures	can	also	be	explained	by	 the	Optimal	
Defence	 Theory	 (ODT),	which	 predicts	 that	 plants	 should	 focus	















Here	 we	 use	 experimental	 manipulation	 of	 EFN	 secretion	




addressing	 the	 following	questions:	 (a)	How	often	 are	 flowers	 oc-
cupied	 by	 ants	 and	 how	 many	 ants	 are	 found	 in	 them?	 (b)	 Does	
preventing	EFN	secretion	affect	 the	number	of	ants	patrolling	ex-








bers	 of	 ants	 inside	 flowers,	 (c)	 increase	 the	 proportion	 of	 flowers	
occupied	by	ants,	(d)	leading	to	decreased	levels	of	floral	visitation	
by	pollinators	and	(e)	a	reduction	in	plant	fitness.
2  | MATERIAL S AND METHODS
2.1 | Study site and system
All	experiments	and	observations	were	conducted	in	the	stabilised	
coastal	 sand	 dunes	 at	 the	 CICOLMA	 Field	 Station	 in	 La	 Mancha,	
Veracruz,	in	the	Gulf	of	Mexico.	Within	this	population,	we	selected	















2.2.1 | Surveys of ants inside flowers
We	 quantified	 ant	 occupancy	 in	 flowers	 of	 T. velutina by survey-
ing	1,604	 flowers	across	 four	sites	within	CICOLMA	 in	November	
2014.	Flowers	at	each	site	were	observed	and	instant	counts	were	
recorded	every	hour	throughout	the	whole	anthesis	period	(08:30–





(n = 10	 site-days),	 with	 site-and-day	 effects	 incorporated	 into	 our	
statistical	modelling	(see	below).
2.2.2 | Experimental manipulation of EFN secretion






clogged	 treatments	 (n	=	216	 flowers;	n	=	108	pairs,	n	=	108	plants).	
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EFN	secretion	on	clogged	treatment	 leaves	was	eliminated	by	seal-
ing	the	nectary	cup	with	a	droplet	of	transparent	acrylic	textile	paint	
(Mylin	 dimensional,	 Mexico).	 On	 control	 treatment	 leaves,	 we	 ap-
























ison	 of	 the	 results	 from	 the	 short-term	 and	 long-term	 experiments	
showed	that	ants	respond	at	a	smaller	scale	(Supplementary	Material	
1:	Table	S2),	and	we	therefore	focus	on	the	results	of	the	short-term	
experiment	 and	highlight	 differences	 in	 results	 for	 the	 longer	 term,	
larger	scale	experiment	where	these	are	 relevant	 to	 the	Distraction	
Hypothesis.	 Full	 results	 and	 details	 regarding	 the	 long-term	 experi-
ment	are	provided	in	Supplementary	Material	1.
2.2.3 | Impacts of EFN secretion on fitness
To	quantify	the	impact	of	clogging	EFN	secretion	and	the	Distraction	










































2.3.2 | Ecological consequences of EFN secretion
Five	 mixed	 effects	 models	 (i-v)	 were	 fitted	 to	 test	 the	 ecological	
consequences	 of	 the	Distraction	Hypothesis.	 Because	 all	 of	 these	
models	 had	 the	 same	 random	 effects	 structure	 unless	 otherwise	
specified,	we	detail	 the	random	effects	first	and	then	describe	the	
fixed	effects	for	each	model.	Flower	identity	was	fitted	as	a	random	










in	 flowers),	 treatment	 and	 the	 interaction	between	 these	 two	
factors	were	fitted	as	fixed	effects.	Tukey	tests	were	conducted	
to	 test	differences	between	 the	number	of	 ants	at	extrafloral	
nectaries	or	flowers	under	control	or	clogged	gland	conditions.




















Data	 from	 the	 long-term	 experiment	were	 analysed	 following	 a	
similar	 model	 structure	 reported	 for	 the	 ecological	 consequences	
models	(S.i-v,	see	Supplementary	Material).






Clogging	was	 fitted	as	a	 fixed	effect	and	as	 random	effects	we	
fitted	pair	identity	and	an	observation-level	random	effect	to	ac-
count	for	overdispersion.




















3.1 | Surveys of ants in flowers
We	observed	10	ant	species	from	four	subfamilies	interacting	with	T. 
velutina: Dorymyrmex bicolor (Dolichoderinae),	Camponotus planatus,	
Camponotus mucronatus,	Camponotus novogranadensis,	Brachymyrmex 
sp.	 and	 Paractrechina longicornis (Formicinae);	 Cephalotes sp.,	
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Crematogaster sp.	 and	 Monomorium ebenimum (Myrmicinae);	 and	
Pseudomyrmex gracilis (Pseudomyrmicinae).	We	 observed	 that	 ants	
associated	with	plants	 vary	 spatially,	 and	we	assume	 this	 is	due	 to	
variation	 in	the	proximity	of	nests	of	different	ant	species.	Though	
not	 formally	 quantified,	 we	 observed	 apparent	 differences	 in	 ant	
behaviour	among	species.	Some	species	patrolled	 individually,	such	
as Camponotus planatus,	C. mucronatus and C. novogranadensis,	while	
others	 were	 gregarious,	 such	 as	 D. bicolor,	 Brachymyrmex	 sp.,	 and	
Paratrechina longicornis. Monomorium ebenimum	probably	provides	no	
guarding services to T. velutina since they have only been observed 
consuming	floral	nectar	and	not	patrolling	elsewhere.	In	addition,	this	
species	belongs	to	a	world-wide	genus	of	floral	nectar	thieves	(Bolton,	
1987;	 Ettershank,	 1966).	 Feeding	preferences	 also	 vary	 among	 ant	
species,	from	opportunistic	carnivores	such	as	Pseudomyrmex gracilis 
found	inside	flowers	hunting	for	thrips	and	beetles,	to	omnivores	such	
as Crematogaster sp.	that	harvest	elaiosomes	attached	to	T. velutina′s	
seeds	(S.	Ochoa-López,	pers.	comm.,	Dec.	2014).
Across	 all	 four	 sites	 and	 over	 all	 time	 intervals,	 surveys	 of	
the	 frequency	 and	 abundance	 of	 ants	 inside	 flowers	 revealed	
that	 9.30	±	0.19%	 of	 the	 flowers	within	 a	 site	were	 occupied	 by	
ants,	 with	 an	 average	 density	 of	 2	±	0.28	 ants/occupied	 flower.	
The	 low	 proportion	 of	 flowers	 (Figure	 2a)	 with	 low	 numbers	 of	










3.3 | Ecological consequences of EFN removal
Numbers	 of	 patrolling	 ants	 were	 significantly	 affected	 by	 EFN	
treatment	 (clogged	vs.	control),	 ant	 location	and	 the	 interaction	
between	these	factors	(Figure	3a;	Table	1).	Ten	times	more	ants	
were	 found	 patrolling	 extrafloral	 nectaries	 (1.49	±	0.079	 ants)	
than	 were	 found	 inside	 flowers	 (0.14	±	0.02	 ants)	 (Figure	 3a;	





significant	change	 in	 the	numbers	of	ants	observed	 inside	flow-
ers	 (Z	=	1.05,	 p	=	0.705;	 Figure	 3a;	 Table	 1).	 The	 percentage	 of	
flowers	occupied	by	ants	increased	significantly	from	6.1%	under	














F I G U R E  2   (a)	Proportion	of	flowers	with	ants	inside	them	and	(b)	number	of	ants	per	flower	throughout	the	anthesis	period	(mean	±	SE 
per	site)	in	hourly	observations	(n = 42	observations,	from	10	sites)
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individual	flowers	(captured	by	the	flower	random	effect)	or	random	
variation	between	observations	(captured	by	the	OLRE	random	ef-
fect)	 explained	 smaller	proportions	of	 variation	 in	 the	numbers	of	
ants	or	pollinators	(Table	1).
3.4 | Impacts of EFN secretion on plant fitness
Clogging	 had	 a	 marginally	 significant	 effect	 (p	=	0.059)	 on	 fruit	
abortion,	 increasing	by	12%	 the	probability	of	 abortion	 in	 flowers	
associated	with	 leaves	 in	which	EFN	had	been	clogged	 (Figure	4a,	
Table	1).	Despite	 the	p‐value	being	marginally	 significant,	clogging	
had	a	considerable	Cohen	d effect	size	(Cohen,	1988)	on	fruit	abor-
tion	 (Table	2).	However,	 clogging	had	no	effect	 on	 the	number	of	
seeds	per	fruit	(Figure	4b,	Table	1)	with	a	small	Cohen	d effect	size	
between	treatments	(Cohen,	1988)	(Table	2).
3.5 | Comparison of patterns across spatio‐
temporal scales
In	 contrast	 to	 our	 prediction,	 increasing	 the	 duration	 and	 spatial	
scale	of	 the	clogging	 treatment	by	a	 factor	of	10	did	not	 result	 in	








3.6 | Ant species‐specific responses to clogging and 
effects on pollinators
Although	 ant	 species	 explained	 only	 0.21%	 of	 the	 variation	 in	 the	
number	 of	 ants	 inside	 flowers	 (Model	 S.vi	 in	 Table	 S3),	 there	 was	
variation	between	ant	species	in	responses	to	clogging	(Figure	S3a).	
Brachymyrmex sp.	 ants	 were	 the	 most	 abundant	 ants	 found	 inside	








estimated	 by	 our	models,	 as	 indicated	 by	 narrow	 variation	 around	






Plants	 face	 a	 potential	 trade-off	 between	 the	 benefits	 they	 re-
ceive	 from	 ants	 patrolling	 their	 leaves	 and	 flowers	 and	 the	 costs	
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associated	 with	 this	 activity	 (Altshuler,	 1999;	 Assunção,	 Torezan-
Silingardi,	&	Del-Claro,	2014;	Dutton	et	al.,	2016).	In	T. velutina,	the	
presence	of	 the	most	 aggressive	ants	 inside	 flowers	 increases	 the	
likelihood	of	pollinators	displaying	alert	behaviours	and	reduces	the	
time	honeybees	spend	 inside	 the	 flowers	 (Villamil	et	al.,	2018).	To	
reduce	 the	 costs	without	waiving	 the	 protective	 benefits,	 several	
authors	 have	 hypothesised	 that	 plants	 should	 evolve	mechanisms	
that	minimise	ant	access	 to	 floral	 structures	and	pollinators,	while	
recruiting them to the vicinity in order to reduce herbivore damage 
(Martínez-Bauer	et	al.,	2015;	Willmer	&	Stone,	1997).	Two	current	
theories—the	Distraction	Hypothesis	and	ODT—are	compatible	with	
the	 commonly	 observed	 location	 of	 extrafloral	 nectaries	 close	 to	
valuable	 and	 vulnerable	 reproductive	 structures.	 The	 Distraction	
Hypothesis	specifically	predicts	that	EFN	secretion	draws	ant	guards	







Wagner	 and	 Kay	 (2002)	 tested	 the	 Distraction	 Hypothesis	
using	 sticks	 as	 artificial	 plants,	 and	 identical	 plastic	 caps	 as	 ar-
tificial	 floral	 (primary)	or	extrafloral	 (additional)	nectaries.	Sticks	
with	additional	nectar	sources	did	not	attract	more	ants,	but	re-
duced	 the	 number	 of	 ants	 at	 primary	 sources.	 They	 concluded	
that	 additional	 (extrafloral)	 nectar	 sources	 did	 not	 increase	 ant	
recruitment,	 but	 distracted	 ants	 from	 the	 primary,	 floral	 nectar	





SubfamilyAt EFN In flowers
Ants	at	EFN
Dorymyrmex bicolor 373 10 Dolichoderinae
Brachymyrmex sp. 342 74 Formicinae
Paratrechina longicornis 166 3 Formicinae
Camponotus planatus 128 1 Formicinae
Camponotus mucronatus 41 4 Formicinae
Camponotus sp. 49 5 Formicinae
Camponotus novogranadensis 3 1 Formicinae
Crematogaster sp. 26 1 Myrmicinae
Cephalotes sp. 16 0 Myrmicinae
Monomorium ebenium 58 11 Myrmicinae
Pseudomyrmex gracilis 18 0 Pseudomyrmicinae












but all the individuals belong to the same 
morphospecies





Short‐term experiment: Clogging 1 day 1 leaf
Response d Effect size
Ecological	consequences
i) Ants	at	EFN −0.2865 Small




iii) Pollinators +0.0503 ns
iv) Clogging −0.0488 ns
iv) Total ants −0.0915 ns
v) Clogging −0.0676 ns
v) Ants	at	EFN −0.1314 ns
v) Ants	in	flowers −0.0893 ns
Fitness	consequences
vi) Fruit	abortion +0.5185 Medium
vii) Seeds −0.1565 ns
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(Figure	 3),	 which	 show	 that	 increased	 EFN	 results	 in	 increased	
ant	visitation.	Furthermore,	the	plastic	caps	used	by	Wagner	and	
Kay	(2002)	to	simulate	floral	(primary)	and	extrafloral	(additional)	
nectaries	were	morphologically	 identical	 and	equally	 accessible,	




In	 2005,	 Galen	 tested	 the	 Distraction	 Hypothesis	 on	
Polemonium viscosum,	a	plant	species	without	extrafloral	nectaries.	





tained	 intact	 flowers	plus	 trimmed	 flowers	 simulating	extrafloral	
nectaries	(Galen,	2005).	Intact	flowers	in	the	EFN-simulation	inflo-
rescences	had	higher	ant	visitation	 than	 flowers	 from	control	 in-
florescences,	and	Galen	saw	this	result	as	rejecting	the	Distraction	
Hypothesis.	 However,	 rather	 than	 testing	 the	 Distraction	
Hypothesis,	we	suggest	that	this	experiment	tested	the	effect	of	
total	 floral	 nectar	 availability	 on	 ant	 recruitment,	 and	 the	 effect	
of	removing	floral	parts	on	ant	visitation	to	flowers.	By	trimming	
the	corolla	and	sexual	organs,	Galen	facilitated	ant	access	 to	 the	
flower.	Previous	studies	on	P. viscosum demonstrated that corolla 
morphology	effectively	excludes	ants	from	flowers	 (Galen,	1999;	
Galen	&	Cuba,	2001).	Furthermore,	artificial	damage	(trimming)	is	
a	 confounding	 factor	 because	 it	 triggers	 plant-induced	 defences	
(Ballaré,	 2011;	 Heil,	 2008;	 Heil,	 Koch	 et	 al.,	 2001;	 Ness,	 2003)	
that	 strongly	 affect	 floral	 and	 extrafloral	 nectar	 secretion	 (Heil,	
2011,	2015;	Ness,	2003;	Radhika,	Kost,	Bartram,	Heil,	&	Boland,	
2008).	Consequently,	higher	ant	visitation	to	intact	flowers	in	the	 




ral	 nectaries.	 They	 found	higher	 rates	of	 ant	 visitation	on	 flowers	
from	plants	where	 EFN	had	 been	 experimentally	 removed,	 as	 the	
Distraction	Hypothesis	would	predict.	However,	 in	contrast	to	our	
clogging treatment in T. velutina,	 Chamberlain	 and	Holland's	 EFN-






velutina,	 a	 species	 bearing	 extrafloral	 nectaries,	 by	 experimentally	
manipulating	 EFN	 availability	 without	 inducing	 artificial	 damage	










predictions	1	and	5	above,	with	 the	difference	 that	 reduced	plant	
fitness	should	be	caused	by	 increased	floral	herbivory	 rather	 than	
ant-associated	reduction	of	visitation.	However,	ODT	does	not	make	
predictions	2,	3	and	4.





by	 12%	 (prediction	 5).	However,	we	 found	 no	 significant	 increase	
in	the	number	of	ants	inside	flowers	(prediction	2),	or	reduction	in	











tion	 in	 fitness	when	 EFN	was	 removed	may	 be	 linked	 to	 changes	





and	behaviour.	Shorter	visits	may	 result	 in	 reduced	pollen	deposi-
tion	which	may	 result	 in	 fruit	abortion	if	 ovules	 are	 not	 fertilised.	
Ant	patrolling	may	also	affect	the	plant	mating	system,	affecting	the	






(Huth	 &	 Pellmyr,	 2000;	 Marshall	 &	 Ellstrand,	 1988;	 Niesenbaum,	
1999;	Stephenson,	1981).













The	estimates	of	 the	effects	 that	 individual	ant	 species	 inside	
flowers	have	on	pollinator	visitation	 in	model	 (S.vii)	 are	 imprecise	
(Figure	S3c)	for	two	main	reasons:	first,	ants	rarely	occupy	flowers	
(Figure	2,	Table	1),	and	second,	the	scarce	variation	in	ant	species	
composition	between	 flowers,	 caused	by	Brachymyrmex sp.	 being	
the	dominant	ant	taxa	inside	flowers,	resulting	in	few	observations	
for	other	taxa	(Table	3).	For	these	two	reasons,	our	data	show	little	
variation and model estimates are thus driven largely by uncertainty 


























ers	of	T. velutina induced alert behaviours in A. mellifera,	reduced	visit	
duration	and	increased	handling	time	per	flower	leading	to	a	decrease	




4.4 | The spatio‐temporal scale of the 
distraction hypothesis
Based	on	the	relatively	small	effect	sizes	of	the	short-term	leaf-scale	






















in	 their	 vulnerability	 to	 herbivores	 and	 sensitivity	 to	 both	benefits	














both	 ODT	 (McKey,	 1979;	 Ochoa-López,	 Rebollo,	 Barton,	 Fornoni,	





The	rapid	transition	from	bud	to	fruit	in	T. velutina means that secre-
tion by individual glands can vary substantially over consecutive days 
since	EFN	secretion	varies	greatly	throughout	this	transition	(Villamil,	
2017).	Consequently,	 for	 the	ants,	missing	 the	extrafloral	nectaries	
of	leaves	associated	with	flowers	means	missing	a	bountiful	reward.
4.5 | Implications for ant and pollinator 
foraging strategies
We	suggest	 that	 ants	 associated	with	T. velutina learn the location 
of	highly	 rewarding	EFN	glands	by	monitoring	variation	 in	 rewards	
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within	a	single	day,	rather	than	relying	on	cues	from	previous	days—a	
pattern	 compatible	with	demonstrated	ability	of	 ants	 to	 learn	 spa-
tial	and	temporal	scales	of	food	rewards	(Jackson	&	Morgan,	1993;	
Jackson	&	Ratnieks,	2006;	Robinson,	Jackson,	Holcombe,	&	Ratnieks,	
2005).	There	 is	also	evidence	that	at	 least	some	pollinating	 insects	
can	respond	to	similarly	local	variation	in	ant	activity.	Bees	in	other	
systems	are	known	to	use	ant	scents	to	discriminate	and	avoid	heav-
ily	 patrolled	 flowers,	 preventing	 harassment	 (Cembrowski,	 Tan,	
Thomson,	&	Frederickson,	2014)	and	we	suggest	 that	bees	visiting	
T. velutina may	also	use	olfactory	cues	 to	 reduce	 their	visitation	of	
ant-occupied	flowers.
The	 local	 foraging	 decisions	 we	 propose	 and	 the	 effects	 of	
within-plant	 variation	 in	 EFN	 availability	 on	 ants	 and	 pollinators	








guild	 independently	 selecting	 more	 rewarding	 plants.	 Plant-level	
variation	 in	 EFN	 rewards	 could	 have	many	 causes,	 including	 phe-
notypic	 plasticity	 (Ochoa-López	 et	 al.,	 2018),	 genetic	 variation	 in	









port	 the	 Distraction	 Hypothesis	 suggesting	 extrafloral	 nectar	




tion is neither the only nor the strongest mechanism in mutualist 
management by T. velutina.	Further	research	is	required	to	under-
stand	why	 ants	 rarely	 visit	 the	 flowers	 of	T. velutina,	 and	which	
mechanisms	may	be	keeping	ants	outside	these	accessible,	nectar	
producing	 flowers.	 Perhaps	other	mechanisms	 such	 as	 floral	 ant	
repellents	(Ballantyne	&	Willmer,	2012;	Willmer	et	al.,	2009)	rein-
force	ant	exclusion.	Differences	in	chemical	composition	or	sugar	
concentration	 between	 floral	 and	 extrafloral	 nectars	 may	 also	
underlie	observed	ant	foraging	preferences.	Further	studies	on	a	
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